In eukaryotes, the entwined pathways of RNA transport and local translational regulation are key determinants in the spatio-temporal articulation of gene expression. One of the main advantages of this mechanism over transcriptional control in the nucleus lies in the fact that it endows local sites with independent decision-making authority, a consideration that is of particular relevance in cells with complex cellular architecture such as neurons. Localized RNAs typically contain codes, expressed within cis-acting elements, that specify subcellular targeting. Such codes are recognized by trans-acting factors, adaptors that mediate translocation along cytoskeletal elements by molecular motors. Most transported mRNAs are assumed translationally dormant while en route. In some cell types, especially in neurons, it is considered crucial that translation remains repressed after arrival at the destination site (e.g., a postsynaptic microdomain) until an appropriate activation signal is received. Several candidate mechanisms have been suggested to participate in the local implementation of translational repression and activation, and such mechanisms may target translation at the level of initiation and/or elongation. Recent data indicate that untranslated RNAs may play important roles in the local control of translation. 
INTRODUCTION
It has been 40 years since publication of the first reports of RNA localization in eukaryotic cells (Bodian 1965 , Koenig 1965a . Curiously, these early data were initially given little attention. Even after evidence for localized RNAs and ribosomes had emerged from several laboratories in the early 1980s (Colman et al. 1982 , Jeffery et al. 1983 , Palacios-Prü et al. 1981 , Steward & Levy 1982 , RNA localization continued to be considered something of an obscure oddity in cell biology. The notion was greeted with skepticism.
In the late 1980s and early 1990s, however, it became increasingly clear that protein synthetic machinery and individual RNAs can be targeted to distant sites, sometimes at considerable distances from perikaryal somatic regions. Because evidence supporting this notion was emerging from diverse cell types including Xenopus oocytes, mammalian neurons, and glial cells, and from Drosophila embryos, among others, researchers began to realize that a common principle might be at work. Today we understand that mRNAs are transported, localized, and locally translated in many eukaryotic cell types. These mechanisms are of fundamental importance in the regulation of gene expression as they allow cells to delegate control to autonomously acting local sites. In the past several years we have witnessed dynamic progress in our understanding of mechanisms that govern RNA localization and local translational control, mechanisms that underlie the spatiotemporal modulation of local protein repertoires. Hand-in-hand with this development has come the realization that small untranslated RNAs, many hitherto unappreciated (Couzin 2002) , play important roles as mediators of translational control.
Why do cells localize RNAs? RNA transport and local translation have now been documented in vertebrates, invertebrates, and unicellular organisms, and it therefore appears that RNA localization is an ancient cellular mechanism. Today this mechanism is used by diverse cell types for various purposes, but one of the main benefits that cellsespecially complex and highly polarized cells-derive from it is the ability to control gene expression locally. This consideration is particularly relevant in neurons where the plastic modulation of synaptic connections forms the cellular substratum for higher brain functions such as learning and memory. Long-term, experience-dependent, and input-specific synaptic remodeling requires changes of gene expression and de novo protein synthesis; given the fact that a typical neuron makes several thousand synaptic connections on its dendritic arbor, the advantages of local translational control are obvious.
The dynamic expansion of the field in recent years dictates that we focus on selected model systems. Our main emphasis here is on mammalian cells, but we refer to nonmammalian cells whenever pertinent. For the same reason, we restrict this review to literature published within the last four years. The reader is referred to a number of excellent review articles that cover earlier periods or subject areas that are outside the scope of this review. Several of these articles have appeared in the Annual Reviews series (Chartrand et al. 2001 , Goldstein & Yang 2000 , Kapp & Lorsch 2004 , Palacios & St. Johnston 2001 , Piper & Holt 2004 , Steward & Schuman 2001 . Piper & Holt (2004) provide a current account of local translation in axons, a topic not covered here. Other relevant reviews have appeared elsewhere (Bassell & Kelic 2004 , Carson et al. 2001 , Darnell 2003 , Giuditta et al. 2002 , Job & Eberwine 2001 , Kloc & Etkin 2005 , Kloc et al. 2002 , Martin 2004 , Smith 2004 , Steward & Schuman 2003 , Wang & Tiedge 2004 .
RNA TRANSPORT AND LOCALIZATION
RNA localization is a widespread phenomenon that has been observed in many eukaryotic cell types, including unicellular organisms (e.g., yeast), developing germ cells and embryos (e.g., in Drosophila and Xenopus), and plant and other animal cells (e.g., mammalian neurons). Active targeting involves recognition of cis-acting RNA elements, i.e., RNA segments that contain codes to specify targeting, by trans-acting RNA-binding factors. This interaction results in the formation of ribonucleotide protein (RNP) complexes, which travel along cytoskeletal filaments with the help of motor proteins. At their destination sites, delivered transcripts are anchored and are now ready for translation.
Cis-Acting Targeting Elements
Location-coding, cis-acting targeting elements have been identified in various localized transcripts of higher eukaryotes ( Table 1) . In Xenopus oocytes, more than 20 RNAs are transported via three different pathways to either the vegetal pole or the animal hemisphere (King et al. 1999 (Zhang & King 1996) , are transported during late stage III and early stage IV and remain anchored to the vegetal cortex until the end of oogenesis. This pathway localizes germ layer determinants to the vegetal hemisphere. In Vg1 mRNAs, a 340-nucleotide (nt) motif, termed Vg1 localization element (VLE), mediates vegetal targeting (Mowry & Melton 1992) . The VLE and the cis-elements of virtually all other vegetally localized transcripts contain clusters of short CAC-containing motifs (Betley et al. 2002) . Slight sequence variations between these motifs appear to correlate with distinct functions during the localization process (Zhou & King 2004) . However, Xvelo1 transcripts of the late vegetal pathway use a 75-nt stem-loop localization element (Claussen & Pieler 2004) . Thus targeting of different mRNAs to identical cellular sites may involve diverse as well as overlapping molecular mechanisms.
Numerous RNAs are targeted to dendrites in mammalian neurons (Eberwine et al. 2002) . The dendritic delivery of some of these mRNAs is dependent on neuronal activity. Synaptic activation in vivo strongly upregulates Arc/arg3.1 gene expression (Link et al. 1995 , Lyford et al. 1995 and results in the selective, N-methyl-d-aspartate (NMDA) receptor (NMDAR)-dependent recruitment of corresponding transcripts to dendritic segments in which synapses had been stimulated (Steward & Worley 2001) . Similarly, epileptogenic stimuli in vivo produce increased brainderived neurotrophic factor (BDNF) mRNA levels, coupled with an NMDAR-dependent transcript accumulation in proximal dendritic segments in hippocampus (Tongiorgi et al. 2004) . A common requirement in these pathways would be retrograde synapse-to-nucleus signaling, and mechanisms underlying such signaling are now beginning to be addressed (Thompson et al. 2004) .
Dendritic targeting elements (DTEs) have been identified in a number of neuronal mRNAs. Such DTEs appear to be quite diverse in length and sequence, and they may (Mori et al. 2000) , the other one located within about 1200 nt (Blichenberg et al. 2001) . In mouse brain in vivo, however, the smaller element alone is not sufficient to mediate dendritic targeting (Miller et al. 2002) . In addition, the 3 UTR of CaMKIIα mRNA contains two copies of a hexanucleotide motif called cytoplasmic polyadenylation element (CPE), which facilitate dendritic translocation (Huang et al. 2003) .
In shank1 transcripts, a DTE is contained within 200 nt of the 3 UTR (Böckers et al. 2004) , whereas in vasopressin transcripts, a DTE resides within a 395-nt segment that spans part of the open reading frame (ORF) and the 3 UTR (Prakash et al. 1997) . In protein kinase Mζ (PKMζ ) mRNA, one DTE is positioned within 499 nt at the interface of the 5 UTR and the ORF (499 nt) and mediates somatic export, whereas a second one, a stemloop structure of 42 nt in the 3 UTR, is responsible for distal dendritic mRNA targeting (Muslimov et al. 2004 ). The element encoding distal targeting features a GA kink-turn (K-turn) motif. K-turns have been identified as sites for RNA-protein interactions in various RNAs (Klein et al. 2001) , and the question is thus raised whether such or similar motifs play a more widespread role in RNA localization. In small untranslated BC1 RNA, a 65-nt Mammalian oligodendrocytes are highly elongated glial cells that extend extensively branched processes to form insulating myelin sheaths around axons. Several mRNAs, including the one encoding myelin basic protein (MBP), are transported into these processes (Barbarese et al. 1999 , Boccaccio 2000 . Targeting of MBP mRNA is mediated by an 11-nt cis-acting element, referred to as the heterogeneous ribonucleoprotein (hnRNP) A2 response element (A2RE), that has also been implicated in RNP granule formation and cap-dependent translation (Carson et al. 2001) . A2REs in three different transcripts of the human immunodeficiency virus 1 (HIV-1) also mediate extrasomatic targeting of microinjected mRNAs in cultured oligodendrocytes, albeit with distinct efficiencies (Mouland et al. 2001) . Flanking sequences thus seem to modulate the targeting competence of A2RE. A2RE has also been shown to support dendritic targeting in neurons (Shan et al. 2003 , Smith 2004 ). An A2RE-like element was identified in the ORF of dendritic MAP2 mRNAs; in this case, however, a DTE is located in the 3 UTR, whereas the ORF was found targeting incompetent (Blichenberg et al. 1999) .
Actin polymerization at the leading edge of moving cells regulates the extension of lamellipodia, filopodia, or pseudopodia (Rafelski & Theriot 2004) . In chicken embryonic fibroblasts and myoblasts, β-actin transcripts are concentrated just proximal to the leading edge (Lawrence & Singer 1986) . A 54-nt "zipcode" in the 3 UTR mediates mRNA sorting to the leading edge (Kislauskis et al. 1994) . The same zipcode also mediates targeting of β-actin messages into both growth cones of immature chicken neurons (Zhang et al. 2001 ) and dendrites of mature rat hippocampal neurons (Eom et al. 2003) . Thus the functional role of the β-actin cis-acting element appears to be conserved in avian and mammalian species. On the other hand, restriction of avian MAP2 mRNA to neuronal somata in the chicken retina (in contrast to a somatodendritic distribution in the mammalian retina) and the absence of a DTE-like sequence in the 3 UTR of the avian mRNA suggest that acquisition of dendritic targeting competence has been a relatively recent event in evolution (Cristofanilli et al. 2004) . Taken together, the currently available data indicate that localized mRNAs use both shared and unique cis-acting elements that may have been acquired at distinct time points during evolution. Long cis-acting elements often appear to consist of multiple short motifs, sometimes cooperating, sometimes partially redundant. The physical description of such motifs will be an important future challenge.
Trans-Acting Factors
By definition, trans-acting factors (TAFs) are proteins that support RNA transport and/or localization by binding to cis-acting elements (Figure 1) . In this context, TAFs are decoding devices, proteins that recognize locationspecifying codes in RNAs.
Vg1RBP/VERA and ZBP1, TAFs that interact with the Vg1-VLE and the β-actin cis-acting element, respectively, represent two members of a family of RNA-binding proteins that contain two RNA recognition motifs (RRMs) and four hnRNP K homology (KH) domains (Bassell & Kelic 2004 , Yaniv & Yisraeli 2002 . Zipcode mutations reduce ZBP1 association with β-actin mRNA and transcript localization to the leading edge of fibroblasts (Ross et al. 1997) . In developing neurons, disruption of the interaction between the zipcode and ZBP1 inhibits neurotrophin-induced β-actin mRNA localization into growth cones and reduces growth cone motility (Zhang et al. 1999) . In mature neurons, ZBP1 and β-actin mRNA granules reside in dendritic shafts and spines (Tiruchinapalli et al. 2003) . Reduced ZBP1 levels diminish dendritic β-actin mRNA concentrations and impair the growth of dendritic filopodia after neurotrophin stimulation, whereas overexpression of zipcodecontaining mRNAs increases the density of dendritic filopodia (Eom et al. 2003) . Members of the Vg1RBP/ZBP1 family of RNAbinding proteins are thus mediators of cytoplasmic mRNA targeting in different species and cell systems.
Two TAFs that interact with dendritic MAP2 mRNA, MARTA1 and MARTA2, belong to the FUSE-binding protein (FBP) subfamily of KH-domain proteins (Duncan et al. 1994 , Rehbein et al. 2002 ; K. Zivraj, M. Rehbein, F. Buck, M. Schweizer, D. Richter, S. Kindler, manuscript in preparation). MARTA1 is the rodent ortholog of human KH-type splicing regulatory protein (KSRP/FBP2), a component of a multiprotein complex that has been implicated in neuronspecific splicing (Min et al. 1997) . ZBP2, the chicken ortholog of MARTA1, interacts with the zipcode of β-actin mRNA (Gu et al. 2002) . Located predominantly in the nucleus, ZBP2 undergoes nucleo-cytoplasmic shuttling, and overexpression of truncated ZBP2 partially disrupts β-actin mRNA targeting to both lamellipodia of polarized chicken fibroblasts and growth cones of neurons in culture.
In contrast to MARTA1/ZBP2, MARTA2/ FBP3 predominantly resides in the somatodendritic compartment of neurons where it was found associated with polysomes. When expressed in cultured neurons, exogenous Active transport of mRNAs from the nucleus (left, light blue) to peripheral cytoplasmic destination sites in eukaryotic cells. Transport proceeds through a number of sequential phases as follows: (a) Recognition of cis-acting elements by nuclear trans-acting factors (TAFs) (purple ellipses) and formation of ribonucleotide protein (RNP) complexes; (b) nuclear export of RNP particles and recruitment of cytoplasmic TAFs ( yellow ellipses); (c) motor-based active transport of cytoplasmic RNP particles along cytoskeletal filaments (green and blue lines); (d, f ) association with additional cytoplasmic TAFs, such as anchoring proteins, at destination sites (light green ellipses); (e, f ) recruitment of ribosomes and other translational components (not shown) either before (e) or after ( f ) cytoplasmic translocation; ( g) locally controlled translation.
MARTA2 partially colocalizes with recombinant DTE-containing mRNAs in granules along dendrites. Overexpression of a truncated MARTA2 version completely disrupts dendritic targeting of endogenous MAP2 mRNA granules. Thus two members of the FBP family appear to participate in RNA localization in different cell types.
Testis/brain RNA-binding protein (TB-RBP; known as translin in primates) binds to conserved Y and H elements of several testis and brain mRNAs and represses their translation (Han et al. 1995 , Kwon & Hecht 1993 . TB-RBP attaches translationally repressed mRNAs to the microtubule cytoskeleton (Han et al. 1995) . Its presence in intercellular cytoplasmic bridges between spermatids suggests that TB-RBP may mediate mRNA transport between male germ cells (Morales et al. 1998) . These data indicate an interplay between RNA transport and translational repression. Other proteins may also play dual roles in RNA targeting and translational control. One example is provided by the Staufen family of double-stranded (ds) RNA-binding proteins (Roegiers & Jan 2000) . In Drosophila oocytes and early embryos, Staufen is essential for localization and translational control of different maternal transcripts and for the establishment of the antero-posterior body pattern. Two Staufen orthologs, Stau1 and Stau2, have been described in mammals (Duchaine et al. 2002 , Monshausen et al. 2001 , Tang et al. 2001 . Stau1 is found in most tissues, whereas Stau2 is preferentially present in brain (Duchaine et al. 2002 , Monshausen et al. 2001 . In neurons, both proteins are located in dendrites, associate with dendritic microtubules, and reside in granules (Duchaine et al. 2002 , Monshausen et al. 2001 , Tang et al. 2001 . At the same time, enrichment in polysome fractions may suggest an additional role in translation (see below). Similarly, the cytoplasmic polyadenylation element (CPE), contained in a subset of dendritic mRNAs, performs the dual functions as a translational control element (TCE) and as a DTE. Its binding protein, CPEB, mediates both cytoplasmic polyadenylation-induced translation (see below) and transport of CPE-containing mRNAs to dendrites (Huang et al. 2003) . In summary, it appears that localized RNAs may recruit binding proteins for the dual purpose of RNA transport and local control of translation, underscoring once again that the two mechanisms are functionally interdependent.
Cytoplasmic mRNA targeting may already be initiated in the nucleus, as newly accumulating evidence from various cell types has been suggesting. Several TAFs are nucleocytoplasmic shuttling proteins that first appear to associate with transcript in the nucleus and subsequently direct mRNA targeting in the cytoplasm (Farina & Singer 2002) . In Drosophila oocytes, the nuclear processing history of oskar transcripts is a determinant of their cytoplasmic fate (Hachet & Ephrussi 2004) . Similarly, transcript recognition and formation of a specific RNP complex in the nucleus is an early event in Vg1 mRNA localization in Xenopus oocytes (Kress et al. 2004 ). The RNP is remodeled after its export to the cytoplasm, and additional transport factors are recruited into the complex. Several other TAFs also seem to shuttle between the nucleus and the cytoplasm (Bassell & Kelic 2004) . The notion thus emerges that RNA targeting in eukaryotic cells is often a multi-step process in which an RNA, from the time of its transcription in the nucleus to the anchoring at its final destination site, enlists a set of TAFs in a sequentially orchestrated manner. Relaytype targeting, with multiple TAFs cooperating in the delivery of the cargo, may be advantageous especially when long and complex transport routes have to be negotiated, e.g., in dendrites with thousands of potential synaptic destination sites.
Cytoskeletal Elements and Molecular Motors
Different cytoskeletal elements have been shown to support RNA transport and local anchoring (Figure 1) . In fibroblasts, microfilaments are used to localize particles containing β-actin transcripts and ZBP1. In neurons, on the other hand, ZBP1 and its β-actin mRNA target seem to move predominantly along microtubules (Bassell & Kelic 2004) . Thus ZBP1 may serve as an adaptor between mRNA and either microfilament-or microtubulebased molecular motors. It is plausible that in neurons, long-range RNA transport is mediated by microtubules, whereas localization in the destination microdomain is supported by actin filaments (Muslimov et al. 2002) . Neuronal CPEB granules contain both kinesin and dynein motors, and their bidirectional movement in dendrites is microtubule dependent (Huang et al. 2003) . In addition, kinesin 1 complexes from mammalian brain were shown to contain several of the aforementioned TAFs (Kanai et al. 2004 ). In the axon-like processes of P19 embryonic carcinoma cells, knock-down of another kinesin family member, KIF3A, impairs the sorting of tau mRNA (Aronov et al. 2002) . In oligodendrocytes, inhibition of kinesin disrupts targeting of MBP mRNAs (Carson et al. 1997) ; in testis, kinesin KIF17b associates with TB-RBP, suggesting that a microtubuledependent RNA transport system operates in mammalian male germ cells (Chennathukuzhi et al. 2003) . Evidence is thus accumulating that long-range RNA transport in various mammalian cell types is mediated by microtubule-based kinesin-and dynein-type molecular motors.
LOCAL CONTROL OF TRANSLATION
In this section, we discuss mechanisms of local regulation of translation, using selected examples to highlight common principles. We probe the significance of translational repression en route and at destination sites. A brief synopsis of the translational pathway in eukaryotes serves as an introduction.
Mechanisms of Local Translational Control
The translation of an mRNA into a cognate protein proceeds in the three sequential steps of initiation, elongation, and termination (reviewed in Sonenberg et al. 2000) . Regulation can occur at any of these steps, but initiation is typically rate-limiting and thus often a target for regulation , Kapp & Lorsch 2004 .
During initiation, a 43S preinitiation complex is formed by the binding of an eIF2•GTP•Met-tRNA i ternary complex to the 40S ribosomal subunit (Figure 2 ). The 43S complex is then recruited to the initiator codon of the mRNA to form a stable 48S complex. This step requires participation of a set of factors from the eIF4 family. These factors subsequently dissociate, the 60S ribosomal subunit joins the 40S subunit to form an 80S complex, and elongation ensues (Figure 2 ; Hershey & Merrick 2000) . During elongation, eEF1A guides aminoacyl-tRNAs to the Eukaryotic initiation factor (eIF): a factor that promotes translation initiation, i.e., the sequence of events that results in the formation of an 80S ribosomal complex at the AUG initiator codon A site on the ribosome; following peptide bond formation, the ribosome is translocated by one codon along the mRNA, a step that is catalyzed by eEF2. Finally, termination at a stop codon is mediated by a set of release factors.
Because of its relevance for the long-term, experience-dependent modulation of synaptic strength (and thus for neuronal plasticity), translational control of gene expression in synapto-dendritic domains has increasingly become a subject of general interest. Therefore, we use this system as a case in point to exemplify some of the emerging general principles of local translational control (Figure 3) .
Translation initiation factor eIF4E, a subunit of the eIF4F complex, binds to the 5 cap of mRNAs and promotes recruitment of the 43S preinitiation complex (Figure 2 ; Gingras et al. 1999 , Kapp & Lorsch 2004 . Several signaling pathways have been reported in neurons that modulate translation by targeting eIF4E. One involves BDNF and the mammalian target of rapamycin (mTOR), a serine/threonine kinase. Activated mTOR phosphorylates eIF4E-binding proteins (eIF4E-BPs), resulting in their dissociation from eIF4E and consequently in the activation of translation initiation (Raught et al. 2000) . This pathway has been implicated in translational regulation in mammalian neurons (Takei et al. 2001 (Takei et al. , 2004 Tang et al. 2002) . Key components of the mTOR pathway, such as mTOR, eIF4E, and eIF4E-BP, have been identified in postsynaptic domains (Tang et al. 2002) . BDNF, a member of the neurotrophin family, has been shown to be involved in longterm synaptic potentiation (Korte et al. 1995) . Application of rapamycin, an inhibitor of the mTOR pathway, to hippocampal slices prevents BDNF-induced synaptic potentiation (Tang et al. 2002) . BDNF induces phosphorylation of eIF4E-BP, eIF4E, and mTOR in cortical neurons, as well as in isolated dendrites (Takei et al. 2001 (Takei et al. , 2004 , indicating that the mTOR pathway is essential for BDNF to activate translation in dendrites. A subset of mRNAs has been identified as targets www.annualreviews.org • RNA Transport and Translationof the BDNF-activated mTOR pathway (Schratt et al. 2004) .
The mitogen-activated protein kinase (MAPK) signaling pathway has also been reported to activate local translation through its downstream target eIF4E (Kelleher et al. 2004) . Upon phosphorylation by MAPK/ERK kinase (MEK), extracellular signal-regulated kinase (ERK), a member of the MAPK family, activates its downstream substrate MAP kinase-interacting kinase 1 (Mnk1) (Fukunaga & Hunter 1997 , Waskiewicz et al. 1997 ). Activated Mnk subsequently phosphorylates eIF4E, thus promoting translation initiation (Pyronnet et al. 1999 , Waskiewicz et al. 1999 ). These combined findings suggest a coregulation of local translation by targeting eIF4E through the MEK and mTOR signaling pathways ; Figure 3) .
Work with Drosophila has recently indicated that expression of eIF4E itself is subject to regulation. Pumilio (Pum), a translational repressor, plays an important role in determining the Drosophila anterior-posterior body pattern during early embryogenesis (Johnstone & Lasko 2001) . Pum has been found to control dendritic morphogenesis (Ye et al. 2004) and to be involved in long-term memory formation (Dubnau et al. 2003) . At
Figure 2
Cap-dependent translation initiation in eukaryotes. Recruitment of the 43S preinitiation complex to the mRNA, mediated by factors of the eIF4 family and poly(A) binding protein (PABP), results in the formation of a 48S complex at the AUG initiator codon. Alternatively to the scenario shown here, eIF4E may remain bound to the cap during scanning (resulting in a looping-out of the 5 UTR; Jackson 2000); in general, it remains to be established at which point after initial cap-binding the eIF4 factors dissociate from the mRNA and from PABP. Translation may also be initiated in cap-independent fashion, for instance by binding of the 43S complex to an internal ribosome entry site (IRES), which is typically located directly upstream of the AUG start codon (not shown; see Hellen & Sarnow 2001) . Some factors (e.g., eIF5) have been omitted for clarity.
the Drosophila neuromuscular junction, postsynaptic Pum downregulates eIF4E expression (Menon et al. 2004 ). Pum selectively interacts with the 3 UTR of eIF4E mRNA, indicating that Pum may modulate synaptic function through direct control of eIF4E expression (Menon et al. 2004) .
eIF4F, the heterotrimeric protein that mediates recruitment of the 43S complex to the mRNA, is composed of eIF4E, the capbinding protein; eIF4G, a large scaffolding protein; and eIF4A, an ATP-dependent RNA helicase that unwinds secondary structure elements in the 5 UTR prior to recruitment of the 43S complex (Figure 2 ; Gingras et al. 1999 , Kapp & Lorsch 2004 . The activity of eIF4F is significantly enhanced by its interaction with PABP, a protein that binds to the poly(A) tails of mRNAs. This interaction has been shown to be the target of dendritic BC1 RNA (Wang et al. 2002) . BC1 RNA is a small, untranslated RNA that is selectively transported to dendrites (Muslimov et al. 1997) . It represses translation initiation by inhibiting formation of the 48S preinitiation complex (Wang et al. 2002) . BC1-mediated repression is effective in cap-dependent initiation and in one subtype of IRES-mediated initiation. Because IRES-mediated initiation may be the preferred mode at the synapse, particularly in response to stimulation (Dyer et al. 2003 , Pinkstaff et al. 2001 ), BC1 RNA is well positioned for a modulatory role in synaptic translation.
Also targeting translation initiation, the CPE pathway has first been analyzed in Xenopus oocytes. Some mRNAs remain translationally dormant until their short poly(A) tails are extended in the cytoplasm (Mendez & Richter 2001 ). Cytoplasmic polyadenylation is dependent on the presence of a CPE in the 3 UTR of the mRNA. Upon phosphorylation of CPEB by the kinase aurora, CPEB binds to CPE and recruits poly(A) polymerase to polyadenylate the mRNA. CPEB is in turn recognized by two CPEB-binding proteins, Symplekin, a scaffold protein, and xGLD-2, a poly(A) polymerase (Barnard et al. 2004 ).
IRES: internal ribosome entry site
Polyadenylation promotes the dissociation of maskin from eIF4E, thus "demasking" eIF4E and allowing it to participate in translation initiation (Richter 2000) .
Dendritic CaMKIIα mRNA contains two CPE-like sequences in its 3 UTR (Wu et al. 1998) . Translation of CaMKIIα mRNA depends on the same polyadenylation mechanism that has previously been described in Xenopus oocytes, and factors such as aurora, CPEB, poly(A) polymerase, and maskin have been identified at synaptic sites of hippocampal neurons (Huang et al. 2002 , Wells et al. 2001 , Wu et al. 1998 . NMDAR activation was found essential for CPE-dependent synthesis of CaMKIIα (Wells et al. 2001) . NMDAR stimulation induced phosphorylation of aurora, thus activating local translation of CaMKIIα mRNA (Huang et al. 2002) . Dendritic plasminogen activator (tPA) mRNA has recently also been shown to interact with CPEB; it was rapidly polyadenylated and translated into cognate protein after metabotropic glutamate receptor (mGluR) activation (Shin et al. 2004) . Cytoplasmic polyadenylation thus provides a mechanism of translational control that is selective for CPEbearing mRNAs.
Elongation may also be a target for local translational control, if not as frequently as initiation. One such target is eEF2 (Scheetz et al. 1997 (Scheetz et al. , 2000 . In the amphibian tectum, phosphorylation of eEF2 is dependent on the activation of NMDARs and can be induced by visual stimulation (Scheetz et al. 1997) . Phosphorylation of eEF2 results in reduced overall protein synthesis in eukaryotes (Nairn et al. 2001 ) but may enhance translation of some mRNAs in developing neurons (Scheetz et al. 2000) . This mechanism may thus provide an alternative to the typically initiation-targeted local translational control (Figure 3) . (Laggerbauer et al. 2001) . FMRP has been suggested to inhibit translation through interaction with mRNAs (Li et al. 2001) . At the synapse, NMDAR, as well as mGluR activation, has been implicated in the FMRP pathway (Antar et al. 2004 , Gabel et al. 2004 , Weiler et al. 1997 . FMRP has also been suggested to interact with untranslated BC1 RNA to repress translation of such mRNAs that base-pair with the 5 BC1 domain (Zalfa et al. 2003) . However, because FMRP associates with polyribosomes (Corbin et al. 1997; Eberhart et al. 1996; Feng et al. 1997; Khandjian et al. 1996 Khandjian et al. , 2004 Stefani et al. 2004; Weiler et al. 2004) , whereas BC1 RNA is enriched in the lighter RNP fractions (Krichevsky & Kosik 2001), it appears more likely that FMRP and BC1 RNA operate in translational control without directly interacting with each other. Furthermore, the functional role of FMRP in translation may be more complex in vivo-inhibitory or stimulatory, depending on the target mRNAas polysome loading was found differentially altered in the absence of FMRP (Brown et al. 2001) . The phosphorylation status of FMRP may be another determinant of translational regulation: Whereas nonphosphorylated FMRP was found associated with actively translating polyribosomes, phosphorylated FMRP tended to be associated with apparently stalled polyribosomes (Ceman et al. 2003) . In this scenario, FMRP would modulate translation at the level of elongation (Figure 3) . Another twist is added by the fact that FMRP binds eEF1A mRNA and represses its translation in vivo (Sung et al. 2003) . Another proposed mechanism links FMRP with microRNAs (miRNAs) (Jin et al. 2004 ). miRNAs are small RNAs (21-24 nt) that function as translation repressors through partial base-paring with their target mRNAs (Ambros 2003 , Ruvkun 2001 . miRNAs have been identified from mammalian brain preparations where they were found enriched in polyribosome fractions (Kim et al. 2004) . dFXR, the Drosophila ortholog of FMRP, has also been suggested to interact in the RNAi pathway (Caudy et al. 2002 , Ishizuka et al. 2002 , supporting the hypothesis that FMRP regulates translation of target mRNAs through miRNAs and/or small interfering RNAs (siRNAs).
Translational Repression During Transport
It is generally assumed that mRNAs will have to be translationally repressed while en route to prevent ectopic expression (Kwon et al. 1999 ). This principle has been confirmed in several cell types.
During oogenesis and early embryogenesis, Drosophila oskar mRNA is guided by its 3 UTR from nurse cells into the anterior margin of the oocytes to be subsequently anchored at the posterior pole (Johnstone & Lasko 2001) . During transport, the translation of oskar mRNA is repressed by several trans-acting factors, including Bruno and Apontic proteins (Lie & MacDonald 1999 , Webster et al. 1997 . oskar mRNA is translated into cognate protein only after it reaches the posterior pole; in fact, ectopic expression of oskar mRNA during transport results in severe developmental defects (Kim-Ha et al. 1995) . Support for this model comes from recent work with Cup, a newly identified Many roads lead to Rome: possible pathways of translational control at the synapse. Translational control can be implemented by activation of various receptor systems (left) and can be mediated at the level of initiation and elongation (right). Mechanisms in addition to those summarized here have been discussed; for example, FMRP has also been reported to repress translation at the level of initiation (Laggerbauer et al. 2001) . Green arrows, stimulation; red arrows, inhibition. Aspects of this diagram remain speculative; note that not all factors shown are currently known to be active at the synapse. Factors not drawn to scale.
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component of the oskar RNP complex (Wilhelm et al. 2003) . Cup, an eIF4E-binding protein, is required for both transport and translational repression of oskar mRNA, suggesting again a close coordination between the two processes (Wilhelm et al. 2003) .
A similar coordination is provided by CPEB in neurons. As discussed above, CPEB has been shown to facilitate dendritic transport of CPE-containing mRNAs (Huang et al. 2003) . During transport, CPEB is colocalized with the translational repressor maskin in transport particles. An interplay between both proteins may therefore play a role in the transport of translationally dormant mRNAs in dendrites (Huang et al. 2003) .
In many cell types, RNP complexes have been identified as the actual motile transport units. These macromolecular complexes appear to contain multiple RNAs, associated TAFs, and/or components of the translational machinery. Work with MBP mRNA showed that transport granules were formed within minutes after microinjection of the RNA into oligodendrocytes (Ainger et al. 1997) . Translation of MBP mRNA can be activated only when it arrives within the myelinating processes, thereby avoiding inappropriate localization of MBP (Boccaccio 2000) . RNA transport granules have been reported to lack essential translational components and to be unable to incorporate radioactive amino acids, indicating that they are translationally incompetent (Krichevsky & Kosik 2001) . The translational repressor FMRP has recently been found to interact with the human ZBP1 ortholog IMP1 in granules (Rackham & Brown 2004) . Similarly, the RNA-binding protein RNG105 is a translational repressor that has been found associated with neuronal RNA granules (Shiina et al 2005) . These data suggest further functional links between RNA transport and translational repression.
In summary, translational repression seems to be important during RNA transport to prevent ectopic expression, and-at least in neurons-also after arrival at the destination site. Inappropriately controlled protein synthesis at the synapse may upset a delicate neuronal excitation-inhibition balance, and therefore, it may be essential to have multiple systems in place to keep local translation in the "off" state until a valid "go" signal is received. The nature of such a signal, and the mechanism by which it is transduced to the local translational machinery, will be a major challenge for future work.
PERSPECTIVE
Impressive as it may be, recent progress in the field of RNA transport and local translational control can not distract from the fact that we remain ignorant of some very fundamental aspects. Various cis-acting RNA elements have been described that encode subcellular destination sites, but we do not understand how such codes are expressed in the structural design of RNA motifs. We are therefore not yet able to read such codes, and we do not know how they are decoded by TAFs. What is urgently needed is a physical description-in conjunction with a functional dissection-of code-carrying RNA motifs that specify targeting. The number of such motifs may in fact be limited (Moore 1999). In evolutionary terms, RNA has predated proteins, and at least some functional RNA motifs may therefore have evolved early. It will be interesting to see how such motifs have been recruited and adapted by RNAs to encode subcellular destination sites, and how they have evolved to differ from one another in the various aspects of RNA targeting. A physical description of RNA targetencoding motifs will also be essential for us to understand how transport RNPs are assembled around cis-acting elements, how such RNP formation shapes the molecular architecture of transport-competent particles that have been described in various systems, and how these particles are delivered to their final destination sites.
Similarly, although much has been learned about translational control mechanisms, our understanding of how translation is repressed during transport and at the destination site remains rudimentary. It is poorly understood how repression is implemented in transport granules, and how mRNAs are released from granules. When and how are released RNAs activated (i.e., derepressed) for translation, and what are the roles of untranslated RNAs in these mechanisms? These questions are particularly relevant at synaptic sites in neurons where translational repression/activation is assumed to be controlled by the local activity status (Smith et al. 2005) .
Activity-dependent local protein synthesis is considered one of the key mechanisms in the long-term modulation of synaptic connections, and the pathway is thus seen underlying higher brain functions, including learning and memory. This area will certainly attract more attention, in part because it appears that neurological diseases such as the Fragile X Syndrome are causally related to RNA localization and/or translation at synaptic sites. However, we are still far from arriving at a clear picture of the underlying molecular mechanism and the way it is disrupted in the disease. To understand the disease, it appears, it will be necessary that we first understand the codes.
SUMMARY POINTS
1. Both mRNAs and untranslated RNAs are localized in various eukaryotic cell types.
2. Cis-acting elements contain codes, likely to be expressed as RNA motifs, that specify RNA targeting.
3. Targeting codes are recognized by trans-acting factors, proteins that bind cis-acting elements and act as adaptors in the assembly of larger ribonucleoprotein (RNP) particles.
4. RNPs are translocated along cytoskeletal elements by molecular motors.
5. Microtubules and microfilaments have been implicated in subcellular RNA localization; long-range transport in neurons is typically mediated by microtubules.
6. Most transported mRNAs appear to be translationally dormant while en route.
7. In neurons, mRNAs at their destination sites will often have to remain translationally repressed until an activation signal is received.
8. Untranslated RNAs may participate in the local control of translation. 
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